Introduction {#sec1}
============

RAS proteins are a family of small GTPases, critically important for cellular signalling through their interaction with a multitude of pathways, of which the RAS--MAPK pathway is best known. The RAS superfamily includes HRAS, NRAS, KRAS(4a and 4b), as well as numerous close relatives including MRAS, RRAS and TC21.[@bib1]

RAS exists in two states: the active guanosine triphosphate (GTP)-bound and the inactive guanosine diphosphate (GDP)-bound conformations. These allow RAS to act as a molecular switch, controlling downstream signalling pathways. Conversion between these two states is regulated by a family of large, diverse proteins that associate with other proteins and lipids to provide tight control of RAS function.[@bib1] The switch between inactive and active state is facilitated by guanine nucleotide exchange factors (GEFs), while the switch back from the active to inactive state is facilitated by GTPase-activating proteins (GAPs).[@bib2] The relative balance of GEF and GAP activity allows strict regulation of RAS activity. It is this equilibrium that is disturbed by oncogenic RAS mutations which cause an overall decrease in RAS-mediated GTP hydrolysis, trapping RAS in its active GTP-bound state and leading to a net increase in downstream signalling independent of upstream input.

RAS proteins have numerous downstream effectors, of which RAF kinases are a major player. The downstream MAPK pathway has been shown to be vital in a number of cellular processes, including proliferation, differentiation and growth.[@bib3]^,^[@bib4] Mutations downstream in this pathway have also been associated with malignancy. An emerging and more detailed taxonomy of class I--III RAF and MEK mutations has recently been described, augmenting our understanding of these alterations as oncogenic 'activators', which are independent of upstream RAS signalling, or oncogenic 'amplifiers' which retain some dependence on upstream processes.[@bib5]

Considering the vital importance of RAS in cellular function, it is unsurprising that disruption of this pathway has been associated with numerous diseases. Somatic RAS mutations in human cancer have long been recognised, with mutations seen in ∼16% of cancers.[@bib6] More recently, it has been found that germline mutations in genes encoding components of the RAS--MAPK pathway cause a group of developmental disorders, now termed the 'RASopathies'.

To complement a number of reports that have recently highlighted exciting clinical progress with novel RAS pathway inhibitors in cancer,[@bib7], [@bib8], [@bib9], [@bib10], [@bib11] this review examines the parallels in pathological and genetic details of RASopathies and somatic RAS-driven cancers.

RASopathies {#sec2}
===========

The RASopathies are a group of genetic syndromes including neurofibromatosis type 1 (NF1), Noonan syndrome (NS), Noonan syndrome with multiple lentigines (NSML), Costello syndrome (CS), Legius syndrome, cardiofaciocutaneous syndrome (CFC), capillary malformation--arteriovenous syndrome (CM--AVM) and autosomal dominant intellectual disability type 5 ([Table 1](#tbl1){ref-type="table"}). They are the product of disruption in the RAS--MAPK pathway, which can result from alteration of RAS proteins, GEFs, GAPs, scaffolding proteins, phosphatases, ubiquitin ligases and pathway inhibitors ([Figure 1](#fig1){ref-type="fig"}).[@bib12] Despite comprising a group of distinct disorders, they share several characteristics, including cardiac malformations, craniofacial dysmorphia, learning difficulties and an increased risk of cancer.[@bib13]Table 1Summary of genes associated with the RASopathy syndromes, including germline pathogenic RAS variants noted in these conditionsSyndromeGenesCommon mutationsAssociated malignanciesNeurofibromatosis 1*NF1*: Ras GAPGlioma\
Rhabdomyosarcoma\
Malignant peripheral nerve tumour\
JMML\
Breast cancer\
Gastrointestinal cancersNoonan*PTPN11*: PhosphataseJMML*SOS1*: RasGEFNeuroblastoma*RAF1*: KinaseAcute lymphocytic leukaemia*RIT1*: GTPaseGlioma*KRAS*: GTPaseV14I, Q22R, P34L, P34Q, I36M, T58I, D153V, V152GRhabdomyosarcoma*CBL*: Ubiquitin ligaseAcute myeloid leukaemia*SOS2*: RasGEFTesticular cancer*NRAS*: GTPaseP34L, T50I, I24N, G60ENon-Hodgkin lymphoma*SHOC2*: ScaffoldingColon cancer*RRAS*: GTPase*LZTR1*: Adaptor*BRAF*: KinaseNoonan with multiple lentigines*PTPN11*: Phosphatase\
*RAF1*: Kinase\
*BRAF*: KinaseNoonan-like syndrome with loose anagen hair*SHOC2*: ScaffoldingCostello*HRAS*: GTPaseG12S, G12A, G13CRhabdomyosarcoma, neuroblastoma, bladder cancerCardiofaciocutaneous*BRAF*: KinaseSimilar to Noonan syndrome but overall risks unclear*MAP2K1*: Kinase*MAP2K2*: Kinase*KRAS*: GTPaseP34R, D153V, F156L*SHOC2*: ScaffoldingCapillary malformation--arteriovenous malformation*RASA1*: RasGAPUnclearLegius*SPRED1*: Negative regulatorNo convincing malignancy risk[^1][^2]Figure 1Germline disorders of the RAS--MAPK pathway.

Neurofibromatosis type 1 {#sec2.1}
------------------------

NF1 is an autosomal dominant disorder arising from pathogenic variants of the *NF1* gene, which codes for the Ras GAP protein neurofibromin.[@bib14]^,^[@bib15] It has a birth incidence of 1 in 2000--2700 and diagnostic prevalence of ∼1 per 4000 individuals worldwide, with around half of cases arising from *de novo* mutations.[@bib16], [@bib17], [@bib18], [@bib19] Germline pathogenic variants in the *NF1* gene are diverse: ∼2600 pathogenic variants have been reported, ranging from single-base-pair substitutions to large whole-gene deletions, most of which are predicted to result in an almost complete absence of the protein.[@bib20], [@bib21], [@bib22] The clinical diagnosis of NF1 is based on the presence of café-au-lait spots (hyperpigmented macules), inguinal/axillary freckling, iris hamartomas, optic gliomas, neurofibromas (peripheral nerve sheath tumours) and osseous lesions.[@bib23]

Overall, the risk of cancer is ∼2.5 times higher than for the general population, primarily due to the increased risk of sarcoma and brain malignancies.[@bib24] Although most NF1 patients will have benign cutaneous and subcutaneous neurofibromas, ∼10%--15% will develop malignant peripheral nerve sheath tumours (MPNSTs).[@bib20]^,^[@bib24] Central nervous system (CNS) tumours occur in ∼20% of NF1 patients, most of which are low-grade pilocytic astrocytomas affecting the optic nerve in childhood.[@bib25] Even discounting CNS tumours and sarcoma, NF1 patients seem to have an increased incidence of malignancy, largely due to an increased incidence of breast and gastrointestinal cancer.[@bib25] In particular, NF1 patients have an increased risk of gastrointestinal stromal tumours that are not susceptible to imatinib as they bypass *PDGFRa/cKIT*.[@bib26] Cancer is the most common cause of death in NF1 patients and contributes towards a 10--15-year reduced life expectancy.[@bib27]^,^[@bib28] Even when excluding NF1-associated malignancies, neurofibromatosis patients with cancer seem to have significantly poorer 5-year survival than matched controls.[@bib25]

Noonan syndrome {#sec2.2}
---------------

NS is an autosomal dominant disorder characterised by craniofacial dysmorphic features, congenital heart defects, growth impairment, bleeding disorders and neurocognitive delay.[@bib13] It affects ∼1/1000--2000 newborns, and unlike NF1 has been associated with pathogenic variants in several genes, including *PTPN11, SOS1, RAF1, RIT1, KRAS, NRAS, CBL, LZTR1* and *BRAF*.[@bib29], [@bib30], [@bib31], [@bib32], [@bib33] There is phenotypic overlap between NF1 and NS, with NF1 patients with missense pathogenic variants in NF1 showing more distinct NS features including pulmonary stenosis.[@bib34]

NS is associated with an increased risk of malignancy, with a cumulative incidence of ∼4% by age 20. The most common cancers in NS are CNS tumours, neuroblastoma, acute lymphoblastic leukaemia and rhabdomyosarcoma (RMS).[@bib35] Children with NS are also predisposed to a spectrum of myeloproliferative disorders, which may follow a benign course or an aggressive course similar to juvenile myelomonocytic leukaemia (JMML).[@bib36]

The most commonly mutated gene found in NS is *PTPN11*, with pathogenic variants found in ∼50% cases.[@bib29] It codes for SHP2, a nonreceptor protein tyrosine phosphatase for which inhibitors are currently being tested in early phase clinical trials of cancers with somatic mutations affecting the RAS pathway.[@bib37] Mutations impair the protein\'s ability to switch from active to inactive conformation, causing increased RAS--MAPK signalling.

*KRAS* pathogenic variants rarely cause NS and CFC, and there is a clinical and mutational overlap between these conditions. Pathogenic variants have been identified at numerous locations, including within the phosphatase binding loop (codon 14), close to the switch 2 domain (codon 58), within the *KRAS* switch 1 domain (codons 34, 36) and in the α-5 helix of the 4B isoform (codons 152, 153 and 156).[@bib31]^,^[@bib38], [@bib39], [@bib40] This is dissimilar to oncogenic *RAS* mutations, which are commonly located at codons 12, 13 and 61.

*NRAS* pathogenic variants have been identified in a small number of patients with NS at codons 24, 34, 50 and 60 which, again, are dissimilar to oncogenic *NRAS* mutations but are all predicted to increase NRAS signalling.[@bib41], [@bib42], [@bib43]

CBL is a ubiquitin ligase which regulates intracellular signalling. Pathogenic variants in this gene have been reported to cause a variable Noonan-like phenotype with a predisposition to JMML.[@bib44]^,^[@bib45]

Pathogenic variants in *SHOC2* have been reported to cause a distinctive phenotype, with patients displaying facial features typical of NS, along with sparse, slow growing hair, reduced growth secondary to growth hormone deficiency, cognitive deficits and hyperactive behaviour. This phenotype has been termed Noonan-like syndrome with loose anagen hair.[@bib46] SHOC2 associates with protein phosphatase 1 (PP1C) which regulates the RAS--MAPK pathway. Pathogenic variants in *PPPC1B*, the beta catalytic subunit of PP1C, have been reported to cause a similar phenotype to Noonan-like syndrome with loose anagen hair, but growth hormone deficiency has not been noted.[@bib47]

NS with multiple lentigines (formerly LEOPARD syndrome) is a distinct, rare condition. Patients share the same craniofacial dysmorphic features as those with NS, but also have multiple skin lentigines, as well as ECG abnormalities, heart defects, growth delay and hearing loss.[@bib13] Similar to NS, NSML is associated with mutations in *PTPN11*, *RAF1* and rarely *BRAF*.

Costello syndrome {#sec2.3}
-----------------

CS is a rare RASopathy first described in 1991. Although difficult to accurately establish, birth prevalence in the UK has been estimated at ∼1/380 000.[@bib48]^,^[@bib49] CS, in common with the other RASopathies, is characterised by craniofacial features including macrocephaly, epicanthal folds, downwards slanting palpebral fissures and depressed nasal bridge. Dermatological manifestations include soft skin, with excessive wrinkling and redundancy on the hands and feet.[@bib50] Patients show cardiac, musculoskeletal and ocular abnormalities as well as failure to thrive in infancy and developmental delay.[@bib13]^,^[@bib51]

CS is caused by activating mutations in *HRAS*, which decrease the intrinsic and/or GAP-induced GTPase activity.[@bib52] Amino acid positions 12 and 13, the most commonly mutated positions in CS, are also the most commonly mutated positions in oncogenic somatic *RAS* mutations.[@bib13]^,^[@bib52]

Among the RASopathies, patients with CS are at a particularly increased risk of developing malignancy, with 15% cumulative risk of cancer at age 20, compared with 4% for patients with NS. The malignancies seen in CS overlap with those in NS, the most common being RMS, neuroblastoma and bladder cancer.[@bib35]^,^[@bib53] RAS mutations are also common in sporadic RMS, and interestingly, loss of heterozygosity at HRAS appears to be important in the development of cancer in both groups. A recent study found a high proportion of complete paternal uniparental disomy of chromosome 11 in both Costello-related and sporadic cases of RMS.[@bib54] This loss of heterozygosity may be the second hit in tumour development.

It has been suggested that the risk of malignancy in CS could correlate with mutation type, with a higher incidence of malignancy noted in patients with the uncommon G12A mutation, compared with the more common G12S mutation.[@bib55]

Cardiofaciocutaneous syndrome {#sec2.4}
-----------------------------

CFC syndrome is rare, with craniofacial features similar to those seen in NS. Prevalence has not accurately been established, but in some countries it is more common than CS. The prevalence in Japan has been estimated at 1/810 000, compared with the Japanese estimate for CS of 1/1 290 000.[@bib56] Precise estimation of birth incidence or prevalence has not yet been possible due to genetic and phenotypic heterogeneity of CFC and overlap with NS. A significant proportion of affected patients may also remain undiagnosed due to less characteristic presentation than is usually seen in CS. Cardiac anomalies commonly seen in CFC include pulmonary stenosis, atrial septal defect and hypertrophic cardiomyopathy.[@bib57] Musculoskeletal and neurological abnormalities are common, including hypotonia, epilepsy and learning disability.[@bib58] Severe developmental impairment and refractory epilepsy are seen in a significant proportion of patients. Cutaneous manifestations include sparse or very curly hair, absent eyebrows and very dry skin.

Due to the rarity of CFC, it is difficult to establish its associated risk of malignancy. However, malignancies similar to those seen in NS and CS have been observed in CFC patients, including cases of acute lymphoblastic leukaemia, non-Hodgkin lymphoma and RMS.[@bib35]

CFC has been associated with pathogenic variants in *BRAF*, *MAP2K1* (*MEK1*), *MAP2K2* (*MEK2*) and *KRAS* (also associated with NS).[@bib12]^,^[@bib59]^,^[@bib60] *BRAF* pathogenic variants are seen in ∼75% of CFC patients.[@bib57]

Capillary malformation--arteriovenous malformation syndrome {#sec2.5}
-----------------------------------------------------------

CM--AVM is an autosomal dominant disorder characterised by capillary malformations, which may be associated with arteriovenous malformations and fistulas, occurring in many tissues.[@bib13] Individuals may also have cardiovascular malformations, septal defects and valvular disorders. CM--AVM is caused by inactivating pathogenic variants in *RASA1* which encodes the Ras-GAP, p120-RasGAP.[@bib61] Inactivating pathogenic variants of *RASA1* cause increased signalling in the RAS--MAPK pathway.

This is not the only association between the RAS--MAPK pathway and vascular malformations. Somatic mutations in this pathway and its regulators have been associated with intracranial and extracranial 'high-flow' vascular abnormalities.[@bib62], [@bib63], [@bib64], [@bib65] Specifically, activating *KRAS* mutations were found in a large proportion of a cohort of patients with sporadic arteriovenous malformations of the brain. *In vitro* analysis of endothelial cells expressing mutant *KRAS* found increased ERK activity, increased expression of genes related to angiogenesis and increased migratory behaviour.[@bib62] Zebrafish models expressing mutant *BRAF* and *MAPK2K1* were found to develop vascular malformations, which responded to vemurafenib (a licenced BRAF inhibitor) in almost all cases.[@bib64] These studies suggest the potential for targeted medical treatment in patients with vascular malformations.

Somatic *RAS* mutations in cancer {#sec3}
=================================

Somatic mutations in *RAS* genes (*KRAS4a*, *KRAS4b*, *NRAS*, *HRAS*) and related genes have been found in a wide range of malignancies ([Figure 2](#fig2){ref-type="fig"}). The vast majority of these mutations occur at codons 12, 13 or 61. Missense mutations at codons 12 and 13 are thought to limit GAPs interaction with the GTPase site of RAS proteins, preventing their hydrolysis to an inactive state.[@bib66] Glutamine 61 is part of the intrinsic GTP hydrolysis mechanism, so mutations likely prevent intrinsic and GAP-mediated hydrolysis.[@bib1] The role of RAS as an oncogene may be more nuanced than originally thought, with studies suggesting that RAS amplification through modification of copy number may play an important role in tumorigenesis. A large cohort of patients with advanced cancer found allelic imbalance in 55% of those with KRAS mutation.[@bib67]Figure 2RAS-mutant somatic cancers represented in terms of typically associated isoforms, codons and mutational subtypes.H, HRAS, N, NRAS, K and KRAS. Data derived from cBioPortal.[@bib82]^,^[@bib83] SCC, squamous cell carcinoma.

Oncogenic *RAS* mutations are found most frequently in *KRAS* (85%), followed by *NRAS* (11%) and *HRAS* (4%; [Figure 2](#fig2){ref-type="fig"}). Despite sharing common sites of mutation, the frequency of mutation in these hotspots varies between isoforms ([Figure 3](#fig3){ref-type="fig"}). For example, 83% of *KRAS* mutations are found at G12 followed by G13 (14%) and Q61 (2%). By contrast, Q61 is the most commonly mutated site in *NRAS*, whereas *HRAS* shows comparable frequencies between G12, G13 and Q61. The frequency of mutation sites also varies between malignancy types for a particular isoform.[@bib68] This isoform bias is striking considering that the *RAS* isoforms are virtually identical in structure beyond their hypervariable domain, and that these mutations occur in regions that are identical in their amino acid sequence.[@bib6]Figure 3Lollipop diagram representation of NF1, HRAS, NRAS and KRAS genes showing the distribution of amino acid substitutions seen in malignancy.From cBioPortal.[@bib82]^,^[@bib83]

RAS activation in cancer can occur through other mechanisms, including disruption of GAPs (e.g. *NF1*) and activation of receptor tyrosine kinases.[@bib68]

NF1 {#sec3.1}
---

*NF1* is a large gene found on chromosome 17, containing 61 exons and coding for a 2818 amino acid protein (of which only ∼330 code for the GAP domain).[@bib20]^,^[@bib69] The protein is ubiquitously expressed but found in its highest levels in the CNS.[@bib70] Neurofibromin\'s most well-characterised function is as a GAP, promoting the conversion of GTP-bound RAS to the inactive GDP-bound RAS. Neurofibromin is also known to associate with a large number of other proteins, including tubulin, kinesin and PKA, suggesting that it is also likely to have other, as yet unidentified, functions.[@bib71]

As previously mentioned, over 2600 inherited mutations in *NF1* have been associated with NF1, varying massively in size and showing no localised mutation clustering in RASopathy or somatic cancer ([Figure 3](#fig3){ref-type="fig"}).[@bib20] In the germline context, *NF1* mutation confers an increased risk of malignancy, particularly MPNST and gliomas.

Somatic *NF1* mutations are frequently observed in melanoma, which has not been described as an associated tumour in NF1. Indeed, somatic mutations have been observed in 12%--30% of cutaneous melanomas, and up to 45%--90% of desmoplastic melanomas.[@bib20]^,^[@bib72] Other components of the RAS--MAPK pathway have also been implicated in melanoma, with *BRAF* and *NRAS* the most commonly mutated genes.[@bib73] Mouse melanoma models have suggested that *NF1* mutations work cooperatively with *BRAF* mutations to prevent oncogene-induced senescence and may also impair response to targeted BRAF inhibitors.[@bib74] *NF1* mutations in melanoma are often seen alongside mutations in other tumour suppressor genes, however, they have also been seen in melanomas that lack both *BRAF* and *NRAS* mutations---these types of melanoma are strongly associated with UV damage.[@bib75] In one cohort, somatic *NF1* mutations were identified in 46% of *BRAF/RAS* wild-type melanomas.[@bib72]

*NF1* mutations have also been identified in lung adenocarcinoma. In a recent study of 591 patients, *NF1* mutations were found in 10% of cases.[@bib76] A quarter of these mutations occurred with other oncogenic mutations (e.g. in *BRAF, ERBB2, KRAS, HRAS, NRAS*). The *NF1* mutations were found to be diverse and distributed throughout the genome, with 27/59 identified mutations predicted to result in loss of function of the NF1 protein.[@bib76] Reduced levels of neurofibromin have been associated with resistance to EGFR tyrosine kinase inhibitors, which has been overcome with MAP--ERK inhibitor treatment.[@bib77] Somatic *NF1* mutations have also been identified in approximately 12% of squamous cell lung cancers.[@bib78] *NF1* mutations are associated with tumours rich in transversion mutations, which are strongly associated with a history of smoking.[@bib78]

Pheochromocytomas are tumours originating from chromaffin cells of the adrenal medulla. They are rarely found in the general population (incidence ∼1/100 000), but ∼0.1%--6% of neurofibromatosis patients will develop them.[@bib79] Sporadic *NF1* mutations have been associated with pheochromocytoma. In a cohort of 119 cases, 25 were found to carry an inactivating *NF1* mutation.[@bib80] Indeed, 56% of the somatic mutations identified in their cohort were on the *NF1* gene.

Somatic *NF1* mutations have also been associated with ovarian and breast carcinoma, acute myeloid leukaemia, neuroblastoma, glioblastoma, colon adenocarcinoma and bladder transitional cell carcinoma.[@bib20] In common with germline disease, somatic NF1 mutations are associated with a poorer prognosis in breast cancer.[@bib81]

Despite the large number of cancers associated with somatic *NF1* mutations, it remains unclear why NF1 patients appear to be predisposed only to a distinct group of malignancies, and why they do not appear to be predisposed to, for example, cutaneous melanoma or lung adenocarcinoma where somatic *NF1* mutations tend to occur.

HRAS {#sec3.2}
----

Somatic mutations in *HRAS* have also been associated with malignancy, although to a much less significant degree than in *KRAS* and *NRAS*. *HRAS* mutations are most frequently found in cancers of the adrenal glands, thymus, head and neck and bladder.[@bib82]^,^[@bib83] Akin to other *RAS* genes, oncogenic mutations occur most frequently in codons 12, 13 and 61. The Gly12Val mutation is most frequently observed in *HRAS*-positive cancers, and functional assays have suggested that this substitution may have the highest transformational potential.[@bib84]

*HRAS* mutations in CS are also found at codons 12 and 13. The most common mutation is a Gly12Ser substitution in codon 12 of exon 1. Less frequent mutations include Gly12Ala at codon 12 and Gly13Cys on codon 13.[@bib48]^,^[@bib53]^,^[@bib85] These mutations have also been seen in somatic cancers. There have been case reports of patients with Gly12Val mutations, nearly all of whom have had severe, ultimately lethal, disease. This was first reported in 2005---the patient died at 1 year of age due to severe cardiomyopathy.[@bib52] A report published in 2007 identified a patient with congenital myopathy and excess of muscle spindles who died at the age of 3 weeks.[@bib86] Four further patients with Gly12Val mutations and severe CS have been identified, all of whom died within 6 postnatal weeks.[@bib87] Severe clinical manifestations of CS have also been associated with two rarer mutations: Gly12Asp and Gly12Cys, both of which are predicted to have a high transformational potential.[@bib88]

More recently, a patient with the Gly12Val mutation and a mild clinical phenotype of CS has been identified. This mutation was found to be associated with high levels of exon 2 skipping. This suggests that the oncogenic potential of *HRAS* mutations may not only be related to the activity of the encoded protein, but also to the effect on splicing efficiency.[@bib89]

The rarity of this mutation and its severe functional effects could suggest that some fetuses harbouring it may die *in utero*, or postnatally without a diagnosis being reached. However, embryonic or early lethality has not consistently been observed in mouse models: an HRAS^G12V^-mutant model with partial expression found that mice were viable, although they did exhibit facial dysmorphism, neurological deficits and cardiomyopathies. Interestingly, these mice did not appear to be at an increased risk of malignancy.[@bib90] A later model with full HRAS^G12V^ expression demonstrated \>80% mortality within 14 perinatal days, craniofacial defects and the development of papillomas and angiosarcomas.[@bib91]

CS is caused by mutations not only in a single gene, but at the same codon as oncogenic *HRAS* mutations. This example seems to provide the greatest crossover between germline and somatic disease. It is interesting to note that germline mutations of *HRAS* occur at codons 12 and 13 but have not been identified at codon 61. Furthermore, RMS is the most common CS-associated malignancy, but HRAS mutations are rarely seen in sporadic RMS.

KRAS {#sec3.3}
----

KRAS is distinct from other RAS proteins in that it exists in two forms (KRAS4A and KRAS4B) which are the result of alternative splicing. *KRAS* mutation also stands out for the very high frequency at which it is associated with malignancy compared with *NRAS* and *HRAS*. *KRAS* mutations are most frequently found in pancreatic ductal adenocarcinoma, colorectal adenocarcinoma (CRC) and non-small-cell lung cancer.[@bib82]^,^[@bib83]

Oncogenic mutations are most commonly identified at codon 12, although this varies with cancer type. Mutations in codons 13, 146 and 117 are more common in CRC than other cancer types.[@bib92] In fact, mutations at codons 146 and 117 are almost pathognomonic for CRC compared with other cancer types.[@bib93] All oncogenic mutations in *KRAS* increase its intrinsic activity by increasing intrinsic hydrolysis and/or promoting nucleotide exchange.

Germline *KRAS* mutations have been seen at numerous locations, including K5, V14, Q22, P34, I36, T58, G60, V152, D153 and F156, and are associated with NS and CFC. Like oncogenic mutations, most of these mutations increase the levels of activated GTP-bound KRAS.[@bib94] A biochemical and functional analysis of germline *KRAS* mutations by Gremer et al. grouped them into five distinct classes, most of which were dissimilar from oncogenic *RAS* mutations, and most of which conferred a milder phenotype than cancer-associated mutations ([Table 2](#tbl2){ref-type="table"}).[@bib94] Despite resulting in accumulation of GTP-bound KRAS, it was found that most germline-mutated KRAS induced only moderately increased phosphorylation levels of downstream signalling proteins.Table 2Classes of germline *KRAS* mutations and their effectClassMutationEffect**A**K5N\
T58I\
D153VHigher activated state, higher downstream signalling. Mechanism not identified**B**V14IIncrease in intrinsic and GEF-catalysed nucleotide exchange**C**Q22RImpaired GAP-stimulated hydrolysis**D**Q22E\
R156LIncreased nucleotide exchange and resistance to GAPs**E**P34L\
P34R\
G60RDefective GAP sensitivity and strongly reduced interaction with effectors[^3][^4]

Class E germline *KRAS* alterations comprise three mutations that cause defective GAP sensitivity, locking KRAS in an activated state similar to that seen in oncogenic mutations. However, they were noted to have compromised interaction with effector proteins, accumulating in only a mild gain of function phenotype. This may not be sufficient to meet the oncogenic threshold required to cause those cancers associated with oncogenic *KRAS* mutations.

*BRAF*/*MEK* {#sec3.4}
------------

Oncogenic mutations in the BRAF--MAPK pathway occur with decreasing incidence further downstream in the pathway. *BRAF* mutations are seen in ∼7% of cancers, and *MEK* in \<1%.[@bib95]

BRAF is a kinase effector immediately downstream of RAS, affected by somatic mutations which have been associated with various malignancies including malignant melanoma, thyroid, lung, ovarian and colorectal cancers. Germline pathogenic variants are seen in NS, and ∼75% of cases of CFC syndrome.

The most common somatic *BRAF* mutation found in cancer is *V600E*, which confers increased kinase activity. This mutation has not been noted in CFC. One study identified 11 distinct *BRAF* missense mutations in CFC patients, distributed more widely than seen in cancer, primarily in the cysteine-rich domain and the protein kinase domain of *BRAF*. Only two CFC patients were found to have mutations that have been identified in cancer and both had severe phenotypes, suggesting that germline *BRAF* mutations may have attenuated activity compared with somatic mutations. However, four of the 11 *BRAF* mutations were found to confer increased kinase activity comparable with that of *V600E.*[@bib96] Importantly, inhibitors of V600E-mutant BRAF have been developed and have shown efficacy in advanced BRAF-mutant melanoma.[@bib97]

Mutations in *MAP2K1* and *MAP2K2* are associated uncommonly with CFC, and have also been seen in *BRAF*-mutant colorectal cancer and melanoma with acquired resistance to targeted therapy.[@bib98] MEK inhibitors have shown efficacy alone and in combination with BRAF inhibitors in BRAF-mutant melanoma.[@bib97]

Conclusion {#sec4}
==========

In conclusion, RAS proteins are a vital component of cellular signalling pathways that confer a wide range of effects. Their importance in normal cellular functioning is demonstrated by the diverse manifestations of germline mutations, as seen in the group of RASopathy disorders. Furthermore, the importance of strict regulation of their function can be seen from the numerous malignancies associated with oncogenic mutations in RAS and related proteins. However, it remains unclear why only a specific handful of malignancies are seen in RASopathy syndrome patients, rather than a predisposition to the full range of malignancies associated with sporadic mutations of the same genes.

Perhaps, as suggested by analyses of *KRAS* mutations, mutations associated with germline disease are attenuated in their effect compared with oncogenic mutations and may not reach a specific threshold required to cause cancer. Perhaps also, as suggested by the relative lack of Gly12Val mutations in patients with CS, mutations that confer a greater risk of cancer may be incompatible with life in a fetus with germline mutation. This does not account for the restricted pattern of malignancy seen in NF1---whose patients have been noted to have a very diverse range of mutations, ranging from large genomic deletions to single-base-pair substitutions, akin to oncogenic mutations of the same gene. However, somatic *NF1* mutations often require co-mutations in the MAPK pathway to confer oncogenicity, possibly suggesting that mutations in this gene are generally attenuated in their effect, and may be more compatible with life in the germline context.

It is clear that there is further insight to be gained into the relationship between RAS pathway mutations and malignancy. Sporadic *RAS* mutations are a key driver of many malignancies and are an exciting prospect for targeted biological therapies. Early results have suggested that tipifarnib, a farnesyltransferase inhibitor, is well tolerated and may have some efficacy in *HRAS*-mutated head and neck cancers.[@bib99] Despite initial disappointments as a therapeutic target, there is also increasing optimism for direct inhibitors of KRAS and SHP2.[@bib100] Small molecule inhibitors of KRAS with the G12C mutation are showing early evidence of clinical efficacy.[@bib101]^,^[@bib102] A greater understanding of RAS pathway mutations\' causative relationship with cancer may help us to identify further therapeutic targets.
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[^1]: Variant information from NSeuronet.[@bib103]

[^2]: JMML, juvenile myelomonocytic leukaemia.

[^3]: Adapted from Gremer et al.[@bib94]

[^4]: GAP, GTPase-activating proteins; GEF, guanine nucleotide exchange factor.
